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Abstract 

Potential vaccine strategics against otitis media are to prevent (1) symptomatic infections in the middle car and/or (2) carriage 
of pneumococci and thereby subsequent middle ear infections. The possibility of using immunity to virulence proteins of 
pneumococd to elicit immunity against pneumococci has been examined. PspA has been found to have efficacy against otitis 
media in animals. Vaccination with a mixture of Psa A and PspA has been observed to offer better protection against nasal 
carriage in mice, than vaccination with cither protein alone. PspA and pncurnolysin have been shown to elicit protection against 
invasive infections. The inclusion of a few of these proteins into the polysaccha ride-protein conjugate vaccines may be able to 
enhance then* eJricacy against otitis media and might be able to constitute a successful all-protein pneumococcal vaccine. © 2000 
Elsevier Science Ltd. All rights reserved. 
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1. Introduction 

The reservoir of Streptococcus pneumoniae in the 
) human population is thought to reside largely in the 
asymptomatic carriage of pneumococci in the 
nasopharynx. Under predisposing conditions, especially 
following infection with respiratory viruses and block- 
age of the estuation lube, the pneumococci colonizing 
the upper airways are able to cause symptomatic otitis 
> media (Figure 1). Vaccines could protect against otitis 
media by protecting against infection in the middle ear, 
by preventing nasopharyngeal colonization of the im- 
munized individual, or by reduction of carriage of the 
population from whom at risk individuals can acquire 
pneumococci. For the pneumococcus the reduction of 
carriage would also be required for herd immunity, 
since it is from carriers that most pneumococci are 
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thought to be acquired. The most successful vaccines 
against otitis media will probably be those that elicit 
herd immunity, as well as immunity to carriage and 
otitis. Since pneumococci also cause meningitis, bac- 
teremia, and respiratory infections in children, it would 
also be desirable for a vaccine against otitis media to 
protect againsL pneumonia and invasive disease. 

Otitis media is the most common infection caused by 
Streptococcus pneumonia in children in the developed 
world (1J. Another major cause of this otitis media, type 
b Haemophilus influenzae, has recently been brought 
under control in the developed world by a polysaccha- 
ride-protein conjugate vaccine [2]. This vaccine was 
prepared by covalently linking the type b polysaccha- 
ride to one of two different protein antigens that are 
highly immunogenic in children. The success of the type, 
b conjugate vaccine has been dependent in large part on 
the fact that immunization with it has greatly decreased 
carriage of H. influenzae, with a resultant increase in 
herd immunity [2]. Since widespread immunization with 
the type b conjugute vaccine has caused type b H. 
influenzae to be carried at a lower frequency, the expo- 

reserved. 
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Fig. 1. Natural history ol"ulilis media infections and other infectious 
caused by Streptococcus pneumoniae. 

sure of both immunized and n on -immunized children to 
the pathogen was decreased. 

The tremendous success of the h. influenzae vaccine 
has encouraged the development of vaccines that might 
be able to prevent oLi Lis media caused by S. pneumoniae 
[3], Although antibodies to pneumococcal capsular 
polysaccharides can be highly protective, the polysac- 
charides are not immunogenic in children unless they 
are injected as conjugates covalenlly linked with im- 
munogenic proteins such as diphtheria or tetanus tox- 
oid. In the case of the pneumococcus, however, the 
problem may require a somewhat different solution. To 
elicit protection against type b //. influenzae, immunity 
to only a single polysaccharide is required. There are, 
however, at least 90 different capsular types of pneurno- 
cocci [4]. For pneumococcal, vaccines containing conju- 
gates with up to 11 different polysaccharides are being 
developed for use in children. Iwen if they are as 
successful against olids media as is hoped, they will not 
protect against strains of all capsular types. Moreover it 
has been observed thai vaccination with the PS-protein 
conjugate vaccines is able to select for increased fre- 
quency of carriage with pneumococci bearing capsular 
types not included in the vaccine [5,6]. 



2. Pneumococcal proteins versus PS-protein conjugate 
vaccines 

The pneumococcal polysaccharide-protein conjugates 
that have been tested in children have yielded measur- 
able protection from otitis. However, the protection 



obtained was not as great as that achieved against H. 
influenzae by immunizing wilh the H. influenzae type b 
polysaccharide-protein conjugate. The fact that non- 
vaccine capsular types increased in incidence following 
immunization with PS-conjugate vaccines further raises 
the possibility that the PS-protein conjugates by them- 
selves may not be an ideal vaccine for the prevention of 
otitis media. Moreover, it will probably be many years 
before the highly complex inulti-valent capsular-protein 
conjugate vaccine will be inexpensive enough for use in 
children in the developing world who are those at 
highest risk of serious pneumococcal infection. 

A number of laboratories around the worid have 
been investigating pneumococcal proteins for their abil- 
ity to elicit immunity to pneumococcal bacteremia, 
pneumonia, and otitis media [7|. These pneumococcal 
proteins offer several potential advantages. Since they 
are each virulence factors, vaccines containing mixtures 
of them are able to target more than one mechanism 
important for pneumococcal carriage and invasion. As 
proteins the antigens would be expected to be immuno- 
genic in young children without the necessity to prepare 
chemical conjugates wilh other carriers. The resultant 
vaccine should also be less expensive since the cost 
associated with conjugation, purification "of products, 
and quality control would be minimized. 

finally there is a theoretical problem with the fact 
that young children do not make antibodies to polysac- 
charides in spite of the fact that such antibodies would 
be enormously beneficial against otherwise fatal infec- 
tions with encapsulated bacteria including pneumo- 
cocci, H. influenzae, Neisseria meningitidis, Klebsiella 
pneumoniae, and others. The selective pressure favoring 
childhood immune responses must have been large 
during the millions of years of human evolution. It is 
difficult to know why evolution has left this gap in the 
immune potential of young children, unless it was 
because immune responses by the very young to at least 
some polysaccharides were deleterious [8-11]. The use 
of protein, rather than polysaccharide-containing vac- 
cines in children should avoid this potential problem. 

If, however, protein-PS vaccines are found to be a 
safe means of eliciting protection against pneumococci, 
it is likely that the most efficacious vaccines would be 
those where the pneumococcal proteins arc used as 
carriers, rather than the non-pneumococcat carriers 
presently in use. The reasons for this are three-fold. (1) 
"By using pneumoeoecal proLeins as carriers there will be 
less immunologic conflict with other vaccines that also 
contain diphtheria or tetanus toxoid. (2) Any immunity 
to the carrier proteins would complement that to Lhe 
polysaccharides a.nd could result in superior and 
broader protection. (3) Anamnestic responses to any 
subsequent pneumococcal infections should be im- 
proved. T-dependent B cell responses are best driven by 
antigens that can stimulate cognate T-cell help. Such 
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antigens are those where T and B cell epitopes are present 
on the same macromolecular structure. When antigens 
containing both T and B cell epitopes are used for 
immunization antigenic-specific H-cells are able to present 
to T-cclls cytoplasmically processed T-oell epitopes in the 
context of class 11 MHCon the H-cell surface. If PS-protein 
conjugate vaccines utilize pneumococcal proteins as 
carriers the anamnestic responses stimulated by infection 
with pncumococci could benefit from both the memory 
T and B cell populations stimulated by the original 
immunization with the vaccine. On the other hand, if 
nou-pneumococcal proteins such as diphtheria toxoid or 
tetanus toxoid are used as carriers, there may be little T 
cell help fur the PS antigens presented by the pneumococ- 
cus. 

Finally, a vaccine containing protection-eliciting pneu- 
mococcal proteins in addition to capsular polysaccharides 
should provide less opportunity for selection for strains 
with capsular types not included in the vaccine, or for 
that matter strains that might eventually figure out how 
1o evade immunity to the protection-eliciting proteins. 

3. Pneumococcal proteins that are vaccine candidates 

There have been several extensive recent reviews on the 
potential use of proteins and other non-capsular antigens 
as pneumococcal vaccines [7,11-13]. This review will 
focus on results relating to otitis media, and vaccines with 
mixtures of different pneumococcal proteins. 

The proteins PspA, pneumolysis PsaA f and PspC 

Tabic 1 

Effect of auti-PspA on otitis media in rats :i 



lmmunogcn Numbers of rats % Otitis 

Otitis:"No otitis 

PspA+CFA 0:8 b 0 

Saline only 3:1 75 

CKA only 2:2 50 



;i This data is adapted from White et al., 1999 [19]. 

l> PspA vs. pooled controls 1 ; F-i)M26 hy Hishcr's exact test. 

Table 2 

Protection against nusul carriage in mice by inlranusul imiiiuiiizruion 
with different antigens" 



Preparations eliciting protection auainsl carriage References 



Killed pncumococci [21] 

Autolyses pneumococci PH 

Homologous native PspA [22] 

f>B PS-protein conjugate [22] 

rPsaA | lielerolngous rPspA [171 



31 All immunogens were given with cholera toxin B subunit as 
adjuvant. Tn encl) cam, protection was statistically significant com- 
pared to mice immunized with adjuvant id one. 



have been shown to be efficacious against pneumococci 
in animal models [7,11-14]. Other proteins like neu- 
raminidase, and hyaluronidasc have been studied less, 
but have also yielded encouraging results, and may find 
value as components of protein vaccines [7,15- I7|. TgAl 
protease might be expected to have an important role in 
protection against mucosal immunity during carriage or 
possibly otitis media [18]. Since Lhis enzyme does not 
cleave mouse IgA, tests of its efficacy in animals have not 
been carried out. 



4. Otitis media 

The only proLcin that has provided evidence of protec- 
tion against otitis media per se has been PspA. This 
protein has been shown to be able to elicit protection 
against otitis media in a rat model (Table 1), where the 
course of the disease was monitored by observation of 
the tympanic membrane of the infected rats [19]. These 
findings with rats appear to be supported by recent 
preliminary studies of Dr Steven Pelton (personal com- 
munication) which indicate that PspA is protective 
against otitis media in chinchillas. 

A protein-containing pneumococcal vaccine could also 
provide protection against otitis media by eliciting mu- 
cosal immunity against pneumococcal carriage, which is 
believed to precede clinical otitis media [20]. Any vaccine 
that could eliminate or greatly reduce carriage rates in 
a high enough frequency of children could break the cycle 
of carriage and might be able to largely eliminate the 
organism from the target population. 



5. Nasal carriage 

Using a mouse carnage model we have been able to 
clearly shown that intranasal immunization can largely 
eliminate nasal carnage of S. pneumoniae (Table 2). 
Immunization with hcat-killcd pneumococci, autolysed 
pneumococci, or homologous native full-length PspA 
virtually eliminated nasal carriage [21,22]. Immunization 
with a capsular type 6B-tetanus toxoid conjugate also 
reduced carriage. For reasons wc can only speculate on, 
immunization with truncated, recombinant, het- 
erologous PspA has not been as protective against 
carriage [17] as was homologous full length native PspA 
[22]. Tn contrast, immunization with recomb inant lipi- 
dated PsaA has been able to largely eliminate carriage 
with pneumococci [17]^ 

Immunization with a combination of PsaA and PspA, 
however, was found to be much more protective against 
carriage with capsule type 6B strain L82016 than immu- 
nization with either of the proteins alone (Fig, 1). Using 
a capsular type 23 strain, some protection against car- 
riage was observed after immunization with PsaA but not 
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Tabic 3 

Geomelric; mean levels of antibody to pneumococcal proteins after 
intranasal immunization 



A nTigen 



PsaA I CTB 
PspA t CTB 
PdB + CTB 



Immunization (fig)" 



ug Antibody/ml 



Saliva 



n.5 

0.5 
10.0 



1.0 

0.0)4 

u.ooiy 



Serum 

257 
31 

2.15 



a Mice were given three i.n. inuiiiiiii/ixiinns per week for 3 weeks 
and bled 3 weeks after the last immunization. CTbS (0.4 ug) was given 
willi the antigens during the first 2 weeks only. Data abstracted from 
reference [17J. 

PspA. As for strain L820I6, however, we observed that 
immunization with PsaA together with PspA yielded 
better protection against carriage than PsaA alone 
(7><0.05) [l71(Fig. 2A). 

In the studies depicted in Fig. 2A and B the mice 
wer e immunized intranasally. The PsaA that was used 
for immunization was lipidated and was immunogenic 
intranasally without adjuvant. The rPspA used was not 
lipidated and required an adjuvanL lor intranasal (i.n,) 
immunization. Thus, for these studies the mixtures of 
antigens and the antigens by themselves were always 
administered together wiLh added cholera toxin B sub- 
unil (CTB) [17]. It was observed that PsaA elicited 
a1mr> $t 100 times as much mucosal antibody as did 
PspA (Table 3). This is probably a reflection of thg_ 



<J.5 



(A) 



5.5 ■ 



4.5 



3.5 



2.5 



1.5 



li.LI 

CTB PspA PsaA PdB PspA PspA 
only + + 

PsaA Pdli 

Ihl.l 

CTB PspA PsaA PdB PspA PspA 
onty + + 

PsaA PdB 



Fig. 2. Pro lee-lion ugiiinsl ruisril « image with capsular type (ib strain 
L8201 6 (2A) and capsular type 23 strain E134(2B). Mice were immunized 
intranasally with 0.5ug of rPspA. 0.5(xg of rPsaA, and/or 10ug of rPdB 
(u detoxified mutant pmlein of pneumnlytun). Cholera toxin B subunit 
(CTB) was used as an udjuvanL. Mice were challenged with about one 
million CPU of each challenge strain three weeks post immunization. 
The number of CFU per nose was determined one week post challenge 
as described previously J22J. This daui has been published previously 
[17]. 

Table 4 

Ability of full-length native PspAs to elicit immunity to pncumococci expressing PspAs of different ciades and families (results expressed us median 
days alive) 



Challenge strain* 



Vaccine PspA b 



Name 



D39 
WU2 
A 66 

F.FI0I97 

ATCC6303 

BG9739 

F.F3296 

EF566S 

L81905 

DBL5 

F.F6796 

DBL6A 

BG9163 

BG7322 



Capsular type 

2 

3 

3 

3 

3 

3 

4 

4 

4 

5 
tiA 
6A 
6B 



PspA clade 



PypA ran lily 



2 
2 

2 
5 
1 
3 

4 

I 

2 
2 

1 

2 
2 



1 
I 

1 | 1° 
i 
2 
I 

2 
2 
I 
1 
1 
I 
I 
1 



D39 

4.5* 
>2J* 
>2\* 
>21* 
>21* 

3* 

5* 

6* 

5* 

4* 
>2)* 
>21* 
>2J* 
>23* 



WU2 

>21* 
>21* 
>21 + 
>21* 

>2l* 
5* 
2 

5* 



9* 
>21* 



BG9739 



None 



>21* 
>21 + 
>21* 

fi* 
5* 
>21* 
8* 

3 

13* 
>2I* 
15* 



a Mice were challenged intravenously with 30 100 times the 50% lethal do.se of each strain. 

h Micc were immunized subcutaneously with PspA isolated from pncumococci using u oholine-sepharose column. Immunizations were carried 
out with Freund's complete adjuvant. Data in the 'None' column comes from mice immunized with complete Freund's adjuvant lacking PspA 30, 
In cells where data is presented, IheTe was no experiment. 

c Data are expressed as median days alive. - Indicates significantly different from 'none' at P<0.05 by Wilcoxon's two-sample rank test. An 
empty clain cell indicates that no experiment was conducted. This tabic was published previously prior to determination of PspA ciades and 
families of the relevant strains [30]. 

J Strain A66 produces two PspAs, one of PspA clade 1 and one. of clade 2. Both are PspA family [I]. 
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Me&ari days of death of mice immunized subcutaneous! y with PspA after intravenous challenge with Streptococcus pneum oniae" 



Challenge strain b 
Capsular lype 



A66.1 
3 



D39 

1 



2 

>21* 

2 

>2\* 



3 

7, >2t+ d 
3 

7. >21* d 



BG7322 

S 

>21** 

8 



BG0739 
4 



DBL2 



DBL5 

5 



4 
4 
4 
6 



8 

6.5 
>21* 



5 > 2I**i 
2 

4.5* 



Alum only 
PspA 
1MB 

PspA 4- PdB 

• CUA/N mice were immunized with 1.0 US rPspA and/or 70 jig rPdK (a non-loxic mutant of pneumolysis adsorbed to alum. The rPspA used 
for immunization came from slraiii Rxl (clade 2, family 1). rPspA used Tor inumn.i/Mion comprised the a-helical poruon oi PspA with a 
C-iermiiuil poly-histidine tail. 

b AM challenge strains are PspA ciadc 2 lamilv K except for which is cladc 1 family 1, and A66.I which expresses n r.la.de ! PspA. as 

well as a ciactei KspA. Mice were challenged intravenously with between 3U and 100 time* the 50"/, lethal dose of pneumococci. 
c * and indicate difference in time lo denUi from the alum control group at J><0.05 or /'<().»!, respectively, as determined by a Wilcoxon s 

l\vo-Si!Tiin1e rank test. ,„,., . <■ . . j -r c ■ i 

d 7, >21 and 5. >2I indicate that exactly half of the mice lived (:>?.)) mid exactly half of the mice died by day 7 or 5, respectively. 

Tabic 7 

Pneumococcal protein vaccine candidates" 



Proteins 



Function 



Protects in animal studies against 1 * 
Carnage Otitis media 



Pneumonia 



Sepsis 



PspA 

Pneumolysin 

PshA 

PspC 

IgAI protease 
PspA + PsaA 
PspA I Pneumolysin 



Anti-complement 
Anli-hosi defense 
Colonization 
Colonization 
Colonization? 



I 



+ + 
I I 



+ + + 
+ 



-h 



+ 

I t- 



+ + 
+ 



+ + + 



"This table has been expanded from a similar one published in an earlier review |15J. 
''Where no result is indicated experiments have nul been conducted. 



advantage of lipidation for i.a. antigenicity. In any case, 
in view of tlie tremendous differences in the amount of 
mucosal antibody to PsaA and PspA, it is possible that 
antibodies to PspA might be much more protective against 
carriage if they had been produced in quantities compara- 
ble to those elicited by PsaA. To this end, it should be 
noted that a lipidared rPspA has been produced, and was 
found to be much more immunogenic than the non-lip- 
idated molecule by the i.m or subcutaneous (s.c.) route 
[23]. lull-length native PspA has also been found to be 
more immunogenic than truncated rPspA, and might also 
be useful for eiicitation of mucosal immunity [24J. 

New strategies, of mucosal immunization, including the 
procedure used above with PspA and PsaA, are known 
to elicit ci rcutating. us well as mucosal antibody [22,25,26]. 
PspA, unlike PsaA is strongly protective against sepsis 
and bacteremia. Thus, mucosal immunization with PspA 
should not only be able to contribute to protection against 
carnage, but should also produce circulating antibody 
able to protect against sepsis, pneumonia, and otitis 
media. It is possible, in fact, that mucosal priming 
followed by an intramuscular boost might provide opti- 
mal protection against both sepsis and carriage. It has 
been shown Lhat in man intramuscular immunization with 



the type b H. influenzae polysaccharide-conjugate vaccine 
can elicit local mucosal antibody. It is assumed that this 
is because Lhere had been previous natural mucosal 
priming [27]. If this is true then intramuscular or subcu- 
taneous boosLing following mucosal priming might also 
be able to boost the mucosal responses. 



6. PspA cross-protection 

PspA exhibits variation in sequence and epitopes. In 
spite of Lhis variation individual PspAs are immunolog- 
ically very cross-reactive. Immunization with a single 
PspA elicits at least some antibody cross-reactive with all 
other PspAs tested [28,29] and is able to protect against 
infections with strains of S. pneumoniae expressing diverse 
PspAs. This cross-protection has been observed with 
mouse immunity to full-length PspA [11,30] (Table 4), 
recombinant PspA [3 1 -33](TabIe 5) and also by injecting 
human antibody to PspA into mice [151 (Fig- 3). Based 
on arnino-acid sequence comparisons it has been possible 
to divide all PspAs into six different clades (Susan 
Hollingshcad, manuscript submitted) [29]. Five of these 
clades include at least 98% of over 119 pneumococcal 
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Table 8 

Pneurooeouail pro lei n vuccine candidates"' 



Proteins 



Function 



Protects in traunul studies uguinst b 



Carriage 



Otitis media 



Pneumonia 



PspA 

Pneumoiysin 

PsaA 

PspC 

IgAl prol.e;ist! 
PspA+PsaA 
j>spA+ Pneumoiysin 



Anli-ccirapJerat?iil 
Anti-host defense 
Colonization 
Colonization 
Colonization? 



I i 

H- + + 
I 



+ 

+ -r 



Scpsis 
+ + 



+ + + 



"•This iubic hus been expanded from a similar one published in an earlier review [15]. 
h Where no result is indicated experiments have no) been emultjctiid. 

Mivc 

40- 




Alive 



-20 



- 10 



Q<5 



Immune Status | Post Pjic 
Challenge Strain 



Capsular Type 
PspA ham Uy 
TspA Clade 



6B 

1 



Post Pre Post Pre 



6A 
1 



Post Pre 



Post Pre 

] 
2 



Fi.a. 3. Passive uRisy-protuetion uijainst 6 strains of pneumoeocci with 0.1 ml of a 1/25 dilution of scrum from a single volunteer immunized with 
rctximbiniinl clade 2 PspA from strain Rxl adsorbed to alum. From left to right the challenge strains were BG7322. EFfi79f>, ATCCfi303 J .1TP3670, 
HFI0I97 and A66.1. In each case protection was KignificHtii ;il P< 0.009 by Wilcoxon two sample rank teat. This figure is adapted from (Briles 
et at., submitted for publication). 



strains thai have been examined (Susan Hollingsheacf et 
al., in preparation). These five clades have been grouped 
into two families based on cross-reactivity patterns 
detected by polyclonal antisera. 

Most members of PspA families 1 and 2 can be 
identified (and distinguished from each other) based on 
the relative strength of their reactivity with rabbit anti- 
sera raised against family 1 or 2 PspAs. The individual 
clades within these Families were seldom distinguishable 
with such antisera, emphasizing the immunologic simi- 
larity of PspA clades within each family (Susan Holling- 
shead et al, in preparation). 



7. PspA and pneumoiysin 

in other studies it has been found that Immunization 
of a detoxified derivative of pneumoiysin may provide 
added protection against invasive infection with S. pneu- 
moniae. For a large number of pneumococcal strains 
given intravenously, it is difficult lo shown an enhance- 
ment of protection by adding pneumoiysin to PspA 
(Tabic 6). However, some strains of certain capsular 
types are less affected than others by immunity to PspA 
(Tables 4 and 6). Using such strains it has been possihle 
to show a strong synergy between Lhc ability of pneu- 
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molysin and PspA to elicit protection against infection, 
particularly when the mice are challenged intraperi- 
loneally with very high numbers of pncumococci [16] 
(Table 7). This synergy is also apparent when mutants 
are made that block the production of PspA and pneu- 
molysin in these same strains [34]. Thus, although PspA 
appears lo be particularly effective for eliciting protec- 
tion from bacteremia and sepsis, pncumolysin may be 
particularly important for eliciting immunity in cavity 
infections. The importance of pncumolysin in cavity 
infections has been confirmed in recent studies where 
PspA and pneumolysin were both found to be partially 
protective against infection in a mouse pneumonia 
model. The combination of PspA and pncumolysin 
elicited better protection, however, than either protein by 
itself (Briles ct aL, manuscript in preparation). 



8. Multi-protein vaccines 

Although future discoveries will continue to have an 
impact on the formulation of protein vaccines, it is now 
clear that at least some of the pneumococcal proteins 
may be very useful. Moreover, combinations of different 
proteins appear likely to be able to provide the best 
protection against the broadest diversity of strains and 
disease types. Table 8 provides a summary of the relative 
protective capacities of several of the different pneumo- 
coccal proteins against bacteremia and sepsis, pulmonary 
infection, otitis media, and carriage. Based on Lhcsu 
considerations it would appear that vaccines designed to 
protect against invasive infections (bacteremia, sepsis, or 
pneumonia) should include PspA and pneumolysin, 
where as vaccines designed to protect against carriage 
should probably contain PsaA and PspA (and/or possi- 
bly PspC). A vaccine to provide herd immunity (protec- 
tion against carriage), as well as protection from invasive 
infection might well contain PspA, PsaA, as well as 
pncumolysin. If the focus of the vaccine were only on 
otitis media, then PspA and PsaA should both be 
included; PspA, since it is the only protein known to elicit 
any protection against middle car infections, and PsaA, 
since in combination with PspA, it elicits especially 
strong protection against carriage. 
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